Myosins containing MyTH4-FERM (myosin tail homology 4-band 4.1, ezrin, radixin, moesin, or MF) domains in their tails are found in a wide range of phylogenetically divergent organisms, such as humans and the social amoeba Dictyostelium (Dd). Interestingly, evolutionarily distant MF myosins have similar roles in the extension of actin-filled membrane protrusions such as filopodia and bind to microtubules (MT), suggesting that the core functions of these MF myosins have been highly conserved over evolution. The structures of two DdMyo7 signature MF domains have been determined and comparison with mammalian MF structures reveals that characteristic features of MF domains are conserved. However, across millions of years of evolution conserved class-specific insertions are seen to alter the surfaces and the orientation of subdomains with respect to each other, likely resulting in new sites for binding partners. The MyTH4 domains of Myo10 and DdMyo7 bind to MT with micromolar affinity but, surprisingly, their MT binding sites are on opposite surfaces of the MyTH4 domain. The structural analysis in combination with comparison of diverse MF myosin sequences provides evidence that myosin tail domain features can be maintained without strict conservation of motifs. The results illustrate how tuning of existing features can give rise to new structures while preserving the general properties necessary for myosin tails. Thus, tinkering with the MF domain enables it to serve as a multifunctional platform for cooperative recruitment of various partners, allowing common properties such as autoinhibition of the motor and microtubule binding to arise through convergent evolution.
Myosins containing MyTH4-FERM (myosin tail homology 4-band 4.1, ezrin, radixin, moesin, or MF) domains in their tails are found in a wide range of phylogenetically divergent organisms, such as humans and the social amoeba Dictyostelium (Dd). Interestingly, evolutionarily distant MF myosins have similar roles in the extension of actin-filled membrane protrusions such as filopodia and bind to microtubules (MT), suggesting that the core functions of these MF myosins have been highly conserved over evolution. The structures of two DdMyo7 signature MF domains have been determined and comparison with mammalian MF structures reveals that characteristic features of MF domains are conserved. However, across millions of years of evolution conserved class-specific insertions are seen to alter the surfaces and the orientation of subdomains with respect to each other, likely resulting in new sites for binding partners. The MyTH4 domains of Myo10 and DdMyo7 bind to MT with micromolar affinity but, surprisingly, their MT binding sites are on opposite surfaces of the MyTH4 domain. The structural analysis in combination with comparison of diverse MF myosin sequences provides evidence that myosin tail domain features can be maintained without strict conservation of motifs. The results illustrate how tuning of existing features can give rise to new structures while preserving the general properties necessary for myosin tails. Thus, tinkering with the MF domain enables it to serve as a multifunctional platform for cooperative recruitment of various partners, allowing common properties such as autoinhibition of the motor and microtubule binding to arise through convergent evolution.
protein evolution | molecular tinkering | microtubules | filopodia T he evolution of new functions is often driven by the reuse of existing structures, a process François Jacob called "molecular tinkering" (1) . Conservation of critical residues is often necessary for enzymatic activities, whereas structural motifs mostly involved in protein recognition present more opportunities for molecular tinkering. Molecular motors such as myosins are of particular interest for exploring protein evolution because they contain both a rather conserved motor domain and a more diverse C-terminal tail region. These multifunctional motors have central roles in a wide range of cellular activities, which require precise coupling of their motor function to specific partners. Myosins use a highly conserved mechanism of force production that involves rearrangement of the motor domain leading to lever arm swing (2) , and members of the superfamily seem to have acquired new cellular functions by modification of key regions controlling recruitment of partners and regulating motor functions (3) . This is in large part achieved by the gain of structural domains in the C-terminal cargo binding region and the evolution of their sequence by molecular tinkering (e.g., ref. 4) . A particularly interesting subgroup of myosins includes those that have either one or two MyTH4-FERM domains (MF; myosin tail homology 4-band 4.1, ezrin, radixin, moesin) in their C-terminal tail region (Fig. 1) . These MF myosins are widespread and likely quite ancient because they are found in many different branches of the phylogenetic tree (5, 6) , including Opisthokonts (which includes Metazoa, unicellular Holozoa, and Fungi), Amoebozoa, and the SAR (Stramenopiles, Alveolates, and Rhizaria) ( Fig. 1 A and B) . Over the course of hundreds of millions years of parallel evolution the MF myosins have acquired or maintained roles in the formation of specialized actin-based structures such as filopodia (7, 8) and/or cross-linking microtubules (MT) to actin filaments (9) (10) (11) .
The Metazoan Myo10 and Amoebozoan Dictyostelium discoideum Myo7 (DdMyo7) myosins are both essential for the extension of filopodia, plasma membrane protrusions filled with parallel bundles of F-actin (7, 8, 12) , suggesting a high degree of functional conservation throughout evolution. Strikingly, both mammalian Myo10 and DdMyo7 are localized at the tips of filopodia (7, 8) and are thought to play roles in mediating extension of actin filaments against the membrane as well as transporting receptors and regulators along filopodia as they extend (13) . Other mammalian MF myosins such as Myo15 and Myo7a and Myo7b have roles in the extension or organization of
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actin-filled protrusions such as stereocilia and microvilli (14) (15) (16) (17) . Mammalian Myo10 and DdMyo7 are also required for cell-substrate adhesion (8, 18) , and mammalian Myo10 and Drosophila Myo15 have roles in mediating cadherin-dependent cell-cell adhesion in epithelial cells (19, 20) . Thus, across a remarkable range of cell types and evolutionarily diverse organisms, the MF family of myosin motors has maintained a core set of shared functions.
The defining feature of the MF myosins is the bipartite structural domain consisting of an N-terminal MyTH4 followed by a FERM domain. The FERM domain serves as a protein interaction module, and in different myosins this domain has been shown to bind to adhesion and signaling receptors as well as actin binding proteins (18, (20) (21) (22) . The FERM domain has also been implicated in autoinhibition of mammalian Myo7a and Myo10 and Drosophila Myo7a (23) (24) (25) (26) . Less is known about the partners that bind to the MyTH4 domain, and the main role identified so far is MT binding (10, 27, 28) . Indeed, it has been shown that both the mammalian Myo10 and the DdMyo7 MyTH4 domains bind to MTs (9, 10, 27) , which has important implications for the role of these motors in the generation of force between or crosslinking of the two main cellular cytoskeleton networks.
A combination of structural and functional studies of evolutionarily distant myosin MF domains can provide insight into how molecular tinkering has guided the appearance of conserved and potentially novel functions of this widespread group of motors. The structures of the MF domains from both mammalian Myo7a and 10 have been solved recently, revealing that the MyTH4 domain is a compact helical bundle closely apposed to the FERM domain. The large interaction surface between the MyTH4 and FERM domains results in a supramodular organization (29, 30) , which restricts the relative orientation of these domains (Fig. 1C) . However, it is not known whether the supramodular feature is a conserved property of MF domains across many phyla and whether it has mostly a structural or a functional role. Studies of MF domains from phylogenetically distant organisms are necessary to reveal how evolution of a shared domain can diversify myosin function or result in the emergence of conserved functions. A detailed analysis of the MF domains of amoeboid DdMyo7 and comparison with the MF domains of mammalian Myo7a and Myo10 offers a unique opportunity to address the question of structural and functional conservation of the MF domain across over 600 million years of independent evolution.
Results and Discussion
Overall Description of the MyTH4-FERM Structures. Four highresolution structures describing WT and MT binding loss of function mutant forms (discussed below) of the N-terminal MF (MF1) and C-terminal MF (MF2) domains of the amoeboid DdMyo7 have been solved (Fig. 1C , Materials and Methods, and Table S1 ). Each of these MF domains has been described from crystal structures that correspond to distinct crystal packing environments ( Fig. S1 A-C) . Interestingly, the rmsd between the mutant and WT structures for each of the MF domains are low.
Comparison of the WT and mutant MF1 structures shows that the rmsd is 0.498 Å (for 392 atoms) and, similarly, comparison of the WT and mutant MF2 domains yields an rmsd of 0.829 Å (for 411 atoms), despite these structures being composed of four subdomains (one MyTH4 domain and three FERM lobes (F1, F2, and F3 lobes) and relatively low sequence identity (Fig.  S1A and Table S2 ). The similarity in the two structures for each MF indicates that the relative orientation of the four subdomains does not exhibit large variations. In contrast, drastic differences in the relative orientation of the MyTH4 and FERM subdomains are observed when the DdMF1 and DdMF2 are compared, as indicated by the large rmsd between the whole MyTH4-FERM domains (5.199 Å, for 373 atoms). Similarly, the rmsd between the MF domains of DdMF1 and DdMF2 are also large when each is compared with the Myo10 MF (2.475 Å, for 320 common atoms and 5.021 Å, for 342 common atoms, respectively).
The MyTH4 and FERM domains of both DdMF1 and DdMF2 are tightly coupled together to form a supramodule (Fig. 1C) , similar to the mammalian Myo7a and Myo10 MyTH4-FERM domains (29) . The association is mediated by conserved residues at the end of all MyTH4 domains (the last helix of the domain, H7, and the H6.H7 linker that precedes it) and the F1 lobe of the FERM domain ( Fig. 2 and Fig. S2 C and D) . Electrostatic and hydrophobic interactions link both subdomains together, characterized by a conserved Pro Arg Glu motif (Pro1686 and the salt bridge forming residues Arg1682 and Glu1690 in the Myo10 sequence) that are strictly conserved in DdMyo7 MF1 and MF2 as well as in other distant MyTH4-FERM domains ( Fig. 2B and Fig. S2C ). The H6.H7 linker and the H7 helix adopt a conformation in the DdMF1 and DdMF2 structures similar to that found in Myo10 MF and Myo7a MF1. Unexpected differences at the end of the MyTH4 of DdMF2, however, result in a supramodule with significantly distinct relative positions between the MyTH4 and FERM (Fig. S2 D and E) . There is a large (∼23°) difference in the orientation of the core MyTH4 bundle and the linker-region/F1 module when DdMF2 is compared with other MF structures (Fig. S2E) . The H6 of the DdMF2 MyTH4 core is shorter by four residues and the linker region that follows contains two prolines that modify the orientation of the linker, whereas helix H7 is extended on its C terminus by three residues. This leads to different interactions of the linker/H7 helix with the surrounding elements in DdMF2 ( FERM domains. Thus, whereas the tight linkage between the two domains is maintained for evolutionarily distant MF domains, variations can exist in the overall shape of the supramodule. Differences in the MyTH4 and FERM domain coupling due to sequence insertions or variation have the potential to lead to significant functional consequences. A particular orientation of these two domains is likely to be optimized for binding to a specific partner, especially if the recognition involves more than one subdomain. For example, a significant change in the overall disposition of myosin subdomains can also be seen for the vertebrate and yeast Myo5 cargo binding domains (4) . The drastic difference seen in the disposition of the myosin tail MyTH4 and FERM domains suggests new possibilities for negative or positive cooperativity in partner binding, and the likely emergence of new functions for the myosin from one class to another.
Conservation and Divergence in the MyTH4 Domain of Evolutionarily
Distant MF Myosins. Myosins with common functions might be expected to have conserved features necessary for their regulation or their specific cellular roles whereas class-specific variations could be the signature of acquisition of new functions. Comparison of the MyTH4 domains for which a structure is available and sequence analysis of phylogenetically diverse MF proteins revealed the defining, conserved features of the MyTH4 domain. The core of the MyTH4 domain is formed by a conserved six-helix bundle, in which all of the helices are nearly parallel or antiparallel and with a conserved Nter linker preceding the first helix ( Fig. 2A and Fig. S2A ). The connections between the second, third, fourth, and fifth helices are short and conserved among the different MyTH4 domains. Despite this overall conservation, structural comparison highlights how classspecific inserted variable sequences (analysis summarized in Table S3 and Dataset S1) drastically change the interfaces available for binding to the MyTH4 domain and have the potential to provide binding partner specificity to each myosin class.
First, major variability is observed among MyTH4 domains in the N-terminal variable region before the conserved Nter linker ( Fig. 2A ; see alignment in Fig. 2B ), making it difficult to define the start of the MyTH4 domain. Distinct differences are seen in how this Nter sequence covers the surface of helices H3, H5, and H6 ( Fig. 2A , Middle and Right). The structure of the Nter variable region is, however, strikingly similar in the MF1 domains from two distant Myo7 myosins (mammalian and Dd) (Fig. S2A) . Interestingly, in DdMyo7 MF2, different basic residues of this Nter variable region cluster are part of the MT binding site (discussed below).
Second, the connection between the first and second helices is highly variable among MyTH4 domains and is particularly long in mammalian Myo7a (M7a-L1, residues 1055-1147) and Myo7b (residues 1027-1086) ( Fig. 2A , Middle and Right and 2B). This insertion in Myo7a covers the surface of the H1 and H2 helices that are otherwise exposed in the other MyTH4 domains. This surface is also covered in Myo10, in part, by a long inserted sequence (M10-L0) that forms a loop between the conserved Nter linker and the first helix, H1 ( Fig. 2A) .
A third variable characteristic of Myo7 MF1s is found at the end of the H5 helix and its connection with the H6 helix (residues 1219-1222 of Myo7a). The shorter H5 and H6 helices in the Myo7a MF1 domain allow the formation of a pocket (not found in other MyTH4 domains) that is exploited for recognizing the Cen2 motif of its cellular partner SANS (30) (Fig. S2B ).
The comparison of four different MyTH4 domains reveals that molecular tinkering by insertion and deletion of sequences at specific locations results in drastic changes of the surface of the MyTH4 domain while conserving the overall domain integrity and supramodule organization provided by the six core helices (Table S3) . Interestingly, these modifications are largely conserved in sequence within each distinct myosin class. Overall, these inserted sequences have the potential to play an important role in defining new functions of the MyTH4 domain for different myosin classes during evolution either by hiding previously Is the MT Binding Site Conserved Among MF Myosins? A shared property of MyTH4 domains is their ability to interact with MTs, suggesting that they bind via a highly conserved MT binding site. DdMyo7 has two MF domains and the N-terminal MF domain (DdMF1) has been shown to bind MTs (9) . Sequence alignments show that the DdMF1 MyTH4 harbors a positively charged sequence similar to that of the MT binding site of Myo10 (27) , suggesting that this might be a signature motif for MF domain binding to MTs (Fig. 3A) . However, this motif is absent in the DdMF2 MyTH4 sequence, suggesting that this domain would not bind to MTs. The MT binding of DdMF1, DdMF2, and mammalian Myo10 MF domains purified from bacteria was compared directly to test this possibility. Equilibrium MT cosedimentation binding assays were performed for each MF domain (see Table 1 for summary). Similar to what had been found for DdMF1 purified from Dictyostelium cells (9), the bacterially expressed domain also bound MTs with a moderate apparent K d , (1.7 ± 0.48 μM, n = 3) (Fig. 3B ) that is weaker than that of the mammalian Myo10 MF domain and exhibits a lower fractional binding (0.24 vs. 0.91; Table 1 ). Unexpectedly, DdMF2 also bound MTs with a higher affinity (apparent K d = 0.47 ± 0.09 μM, n = 4, fractional binding 0.9; Table 1 ) than DdMF1 (Fig. 3C) . The apparent affinity of DdMF2 is only slightly weaker than that of the mammalian Myo10 MF domain (apparent K d = 0.14 ± 0.08 μM, n = 4) (Fig. 3D) , and MT binding by DdMyo7 is significant overall when one considers that the DdMyo7 tail has two tandem MF domains that can each bind to MTs and this myosin is likely able to dimerize, as are mammalian Myo10 and Myo7a (23, 25) . These results are consistent with MT binding being a core, conserved property of all MyTH4 domains but reveals that this interaction can be mediated by distinct binding sites.
Characterization of the Myo10 MT Binding Site. The mammalian Myo10 MF domain binds to MTs via charged interactions with the C-terminal tails of tubulin (27) . The tubulin C-terminal tail is an unstructured region of ∼20 aa residues that points away from the MT lattice and is the most variable among tubulin isoforms due to both sequence variation and posttranslational modifications (31) . Additionally, binding of the FERM domain of Myo10 to the cytoplasmic tail of the netrin receptor DCC was found to inhibit MT binding (27) , suggesting that both the MyTH4 and FERM domain contribute to MT binding. However, the affinity of the MyTH4 domain alone for MTs is quite similar to that of the full MF domain (apparent K d = 0.24 ± 0.09 μM, n = 3) (Fig.  3E) , indicating that MT binding is almost exclusively occurring via the MyTH4 domain in mammalian Myo10. To assess whether the main interaction of the Myo10 MF with MT requires the C-terminal tail of MTs, as previously proposed (27) , cosedimentation experiments with subtilisin-treated MTs that lack the acidic C-terminal tubulin tails were carried out. Interestingly, although removal of the C-terminal tubulin tails did result in a reduction in MF binding (apparent K d = 4.98 ± 1.13 μM, n = 2) (Fig. 3F) , their loss did not abolish MF binding completely, establishing that MT binding involves more than an interaction with the C-terminal tubulin tails. Similarly, mutation of two positive residues previously implicated in MT binding [K1647 and K1650 (27) ] as well as the nearby R1643 substantially reduced but did not eliminate MT binding (mut#1; apparent K d = 6.35 ± 3.53 μM, n = 3) ( Fig. 3G and Fig. S3A ). Thus, additional residues of the Myo10 MyTH4 domain contribute to the interaction with MTs, binding to both the MT lattice and the exposed Cter tails.
Careful study of the surface of the Myo10 MyTH4 domain revealed additional positively charged and hydrophobic residues that could contribute to MT binding. A set of six mutants were generated and tested for MT binding (Materials and Methods), establishing that, besides the previously implicated residues (R1643, K1647, and K1650), three additional charged residues contribute to MT binding: K1654, R1657, and R1600 (Table 1 and Fig. S3 B-E). The binding surface (MTB) is found to be extended and includes two regions with basic and hydrophobic residues (Fig. 4A ): The first part corresponds to the originally described site (27) that includes several basic residues and a nonstrictly conserved tyrosine (Y1673) and the second part of the site involves R1600 and two nearby Pro residues. In fact, MT binding activity is drastically reduced only when both sites on this surface are mutated (see M10-mut #3 and #4; Fig. 3G and Fig. S3  C and D) . Interestingly, conservation of these surface residues among different Myo10 sequences, from the evolutionarily distant Choanoflagallate Monosiga brevicollis to human (Fig. 3A) , suggests that the interaction with MTs [which is crucial in vertebrates for orienting the mitotic spindle by anchoring it to the cortex (11, 32) ] is likely to be an ancient property of Myo10 myosins.
Characterization of the DdMyo7 MT Binding Sites. Candidate MT binding sites for both DdMF1 and DdMF2 were identified using a similar approach. First, the equivalent residues implicated in MT binding by Myo10 that are conserved in DdMF1, R1257, and K1261 (Fig. 3A) were mutated and assayed. Charge reversal of both residues did not affect binding of DdMF1 to MTs (mut#1; apparent K d = 1.96 ± 0.31 μM, n = 3) ( Table 1 ), revealing that despite sequence conservation these basic residues of DdMF1 are not part of the MT binding site. In fact, these residues are not free to participate in MT binding in DdMF1, because they are involved in stabilization of the N-terminal extension, which differs greatly between the Myo10 and DdMF1 MyTH4 domains (Fig. S2A) . The overall surface of the MT is negatively charged (Fig. S4A) , although recognition via hydrophobic residues is also likely necessary for specificity. Analysis of the surface of the MyTH4 domain on the opposite side from the Myo10 MTB (Fig.  4A) revealed the presence of a cluster of exposed, positively charged, and hydrophobic residues that seemed to be good candidates to serve as an MT binding site. Mutation of four charged residues on this surface, K1157E, H1159E, K1161E, and Table 1 ) at 2 μM tubulin polymer.
K1174E, abolished almost all MT binding (Fig. 4B and Fig. S3F ). The structure of this MF1 mutant #2 shows that the mutations do not affect the protein structure and only influence the MT binding surface (Fig. S1C) , which might in fact be extended by three other basic residues found nearby K1145, K1147, and K1149 (Fig. 4B) . These results reveal that the MyTH4 MT binding site is not generally conserved but that positively charged motifs with surface-exposed hydrophobic side chains found elsewhere in the myosin MyTH4 domain can serve as an MT binding site.
The DdMF2 MT binding interaction was characterized by first assessing its binding to subtilisin-treated MTs. In contrast to the substantial drop in binding that was observed with the Myo10 MF, DdMF2 binding to subtilisin-MTs was only modestly decreased (apparent K d = 0.84 ± 0.39 μM, n = 5) ( Table 1) . Similar to DdMF1, the structure of DdMF2 allowed for the identification of surface-exposed charged residues that could serve as the MT binding site (Fig. 4C) . A positively charged surface was found on the same face of the MyTH4 domain compared with the identified MT binding site of DdMF1 (Fig. S3I) , opposite to that of Myo10. Two DdMF2 charge reversal mutants were tested for MT binding (mutant #1: K1896E, K1900E, K1909E, and K1912E; mutant #2: K1881E, R1882E, K1909E, K1912E, and K1913E). Both of these exhibited little or no binding to MTs (Fig. S3 G and H) . The structure of the MF2 mutant #2 shows that the mutations do not affect the protein structure and only influence the MT binding surface (Fig. S1D and Table S1 ). The central basic residues of these mutants, K1896, K1900, and K1912 (which are equivalent to the K1157, K1161, and K1174 residues important for MT binding in MF1) are likely important for mediating the MT binding of DdMF2. Note, however, that significant differences exist on this surface between DdMF1 and DdMF2 due to the variation in the Nter sequence as well as in the loops prior and after helix 1 (Fig. S3I) . Because the contribution from the C-terminal tail of tubulin is not a major part of the interaction with DdMF2, it is likely that the interaction surface with the MT is extended and involves other residues of this MyTH4 surface composed of basic residues and few hydrophobic residues such as P1898, I1915, Y1928, and P1929 (Fig. 4C) .
Conservation of the MT Binding Motifs Among Evolutionarily Distant
MF Myosins. The MyTH4 domains thus bind to MTs using largely electrostatic interactions, although the exact interaction site differs greatly in the surface involved and its topography and composition. It is of interest to note that whereas the surface of the MT is found to contribute to the binding for both Myo10 and DdMF2, interaction with the tubulin C-tail contribution is mostly important for Myo10 binding. This recognition could differentially target Myo10 to specific populations of MTs depending on the posttranslational modifications on their C-tail. The differences in the MT binding sequence between the three MyTH4 domains raises the question of how conserved these sequences are within a MF myosin class and when they emerged during evolution. Alignment of the MyTH4 domains of various myosins reveals that the Myo10 MT binding surface is well conserved in this myosin class from Capsaspora, a distant unicellular relative of Metazoa, to humans (Fig. 3A) . Note that although the Ciona Myo10 MyTH4 has a Gln in place of the second Lys in the MT binding region this residue is not critical for MT binding based on the finding that mutation of this residue in Myo10 (K1647D) does not significantly affect MT binding ( Table 1) . Examination of the same region of other metazoan and fungal myosin MyTH4 domains reveals poorer conservation, consistent with the identified MT-binding site being specific for Myo10. Similarly, the MT-binding sequences for both DdMF1 and DdMF2 are highly conserved among the different social amoeba groups that are believed to have been evolving independently of Metazoa for over 600 million years (33) . Thus, the MT binding properties of MyTH4 domains are a good example of convergent evolution.
Variability and Characteristic Features of the FERM Domains from
Evolutionarily Distant Myosins. The FERM domains of MF myosin tails are a tripartite protein interaction module composed of the F1, F2, and F3 lobes, the same as the ERM and talin proteins. They mediate binding to a number of different partner proteins, including membrane receptors, and they are implicated in autoinihibition of motor activity (18, 20, 26, 34) . Little is known about the features of the FERM domain that determine myosin autoinhibition, specificity of the interaction with several partners, and ability for these partners to bind cooperatively or to exclude each other on a particular myosin. A structure-based comparison of FERM sequences was carried out to reveal the characteristic properties of this domain that contribute to its function in myosin motors. Comparison of the structures of the four MF myosin FERM domains reveals conservation in the fold of the individual lobes of the myosin FERM domains as well as with other FERM domains (Fig. 1C) . However, there is notable variability in the loops that connect the structural elements of each lobe (Fig. 5A and Fig. S5A ). In addition, the lobes are arranged together to form the canonical cloverleaf configuration, in contrast to the elongated conformation found in talin (35) (Fig. 6 ). This analysis shows that several of the structural features that determine the formation of the cloverleaf are variable. Insertions are found on two different surfaces: On one side, important variations in the loops of all three lobes are found on the same surface as that where large insertions exist for the MyTH4 domains of Myo7a MF1 and Myo10 (Tables S3 and S4 and Fig.  5 ). Insertions are also found on the opposite side of the FERM domain, arising from variations in loops of the F1 and F2 subdomains as well as the F1-F2 linker. Structural differences are likely to correlate with diversification and specificity for partner binding and thus the special cellular functions of these myosins. We have thus analyzed whether functional roles, such as autoregulation or binding to specific partners, can be associated with these differences. Myosin activity must be tightly regulated in cells so that the motor is only active at the right place and at the right time. This control is especially crucial because a number of myosins are multifunctional and can bind to a variety of cargos (3) . A prevalent mode of myosin regulation is via head-tail autoinhibition, although the exact molecular mechanism for this control is not well understood for many myosins. Because this is a commonly used mode of regulation it might be anticipated that the MF myosin FERM domains would have a conserved structural feature that plays a role in this regulation. Residues in the F3 S6.S7 loop of the fly Myo7a C-terminal FERM domain have been implicated in mediating head-tail autoinhibition of this myosin (26) . Interestingly, sequence alignments reveal that these basic residues are in a conserved loop in several C-terminal MF2s (e.g., mammalian Myo7a and Myo7b, Drosophila Myo7a, as well as representatives of both amoeboid Myo7 and Myo22 classes). Notably, this loop is longer in the mammalian Myo7 and DdMyo7 MF2s than in MF1s such as Myo7a MF1 or DdMF1 (Figs. S5A and S6 and Dataset S1). However, this region is not highly conserved in all C-terminal MF domains-the loop is missing in Myo10 MF and the Myo15 MF2 sequence is quite different and lacks the critical charged amino acids. The high degree of sequence conservation in this regulatory loop raises the question of whether this is an ancient feature of MF myosins. Alternatively, convergent evolution may have guided the ability to conserve motor/cargo interactions in these distant MF classes for a similar inhibitory autoregulation mechanism in the Myo7/ Myo22 class, whereas different mechanisms of motor autoregulation might have developed for other classes in which inserts or deletions would not favor intramolecular interactions to occur via the F3-S6.S7 loop, as seems to be the case for Myo10 (Fig.  S6) . Further combined structural and functional studies of the MF myosin FERM domain and its role in regulation are needed to gain a full understanding of the underlying molecular mechanism of the intramolecular control of myosin function.
FERM domains bind to different partners and there are several distinct modes of FERM binding by partners mediated by the three-lobed cloverleaf structure (Fig. 5 B and C and Table  S5 ). Comparison of the binding between several different FERM domains and their partners, for which an atomic structure has been solved, reveals four major sites of interaction (Fig. 5) . A well-characterized binding site is located in the groove between the S5 strand and H1 helix of the F3 lobe that is tuned for binding to partners such as the cytoplasmic tails of β-integrin and DCC (18, 34) (Fig. 5B, mode ①) . The cytoplasmic tails of β-integrin also bind to the same site on the F3 lobe of talin (36) . Interestingly, an insertion in the DdMF1 sequence changes the surface of F3, and recognition via this F3 lobe cannot occur as found for other MF lobes. This illustrates again how insertions in the MF sequence can lead to a loss of function. Another main binding site of interest is the central cavity between the three lobes of the FERM where Cen1 interacts with Myo7a MF1 and Heg1 with the KRIT FERM domain (Fig. 5B, mode ④) . This binding site is more buried and its accessibility in each FERM is modulated by class-specific variations in all three lobes. Note in particular how differences in Myo10 (in the F3-H1 helix, the variable loops F1-S3. S4 and F1-H2.S5) as well as the presence of inserts in the F2-H2.H3 loop remodel the central peptide binding site (Fig. 5D) .
Analysis and comparison of FERM domains highlights how the inserts and variable regions in the MF domains are crucial to the interaction with different partners. In addition to fine-tuning of the sequence in conserved binding sites for specific partner recognition, inserts introduced during evolution likely contribute to emergence of function by restricting or modulating the accessibility of certain binding modes. It remains to be seen whether such inserted sequences also represent new binding modes highly specific to a particular myosin class; their sequence conservation within a particular class would favor such a hypothesis (Tables S3 and S4 ).
Maintenance of the Cloverleaf Configuration over a Billion Years of
Evolution. The myosin FERM domains have a cloverleaf organization typical of ERM proteins and several of the binding modes involve more than one lobe (Figs. 5 and 6) . Maintenance of the overall orientation and organization of the three lobes into the cloverleaf is thus critical for these interactions. Comparison of the structures and sequences of different myosin FERM domains shows that the relative orientation of the lobes for each FERM domain is distinct, although general features are conserved between the different myosins and the ERM family member FERM domains (Fig. 1C and Fig. S5A ). The amino acids that participate in maintaining the cloverleaf are not highly conserved, although they are similar in nature. In addition, connecting loops fine-tune the position and, likely, the dynamics of each subdomain. Controlled flexibility within the FERM lobes is critical to favor selective binding in the central region (Fig. 5B, mode ④) or to binding sites that extend over two lobes such as that of Rap1 and the Cter of Moesin (37, 38) (Fig. 5B, modes ② and ③) .
The cloverleaf configuration of the myosin FERM domains and ERM proteins contrasts with the distinct open conformation of the talin FERM domain (35) (Fig. 6) . A change in the linker between the F1 and F2 lobes has a dramatic effect on the orientation of the two domains. In the case of talin, the linker adopts a different, hairpin-like, conformation and strongly interacts with the F2 subdomain, but it does not interact with the F1 lobe (compare Fig. 6 B and C) . Molecular dynamics simulations indicate that the talin FERM domain exhibits an increased flexibility, which results from enhanced interlobe rigid-body movements (Fig. 6D and Fig.  S5B) . In sharp contrast, the cloverleaf configuration of the myosin FERM domains (DdMF1 and DdMF2) seems to be stable on the simulation timescale. The reduced flexibility of the myosin FERM cloverleaf would favor the emergence of cooperative binding sites, promoting efficient recognition by binding partners. Thus, it seems that the lobes of myosin FERM domains have evolved to maintain their cloverleaf interactions, remarkably, even though rather large sequence variation is observed for the residues that mediate these interlobe interactions (Fig. S5A) .
MF Domain Organization Is Critical for Selective and Simultaneous
Binding of Partners for Each Cellular Role of a Myosin. Dynamics of the FERM lobes is important for binding of peptides in the central cleft but the mobility must be restricted to favor efficient recognition of the binding sites by the partners, in particular when binding requires more than one lobe/domain. Although the MF myosins are multifunctional motors, restriction in the MF supramodule mobility could also favor selectivity in the assembly of several partners to the tail of these myosins. It can favor simultaneous binding of cargos for cotransport in cells while preventing other associations, such as binding to MTs, from occurring if partners are bound elsewhere. This concept of negative or positive cooperativity is illustrated in Fig. S4 B and C. Although simultaneous MT and DCC binding is not possible for Myo10 (27) , it is interesting to note that the DdMF2 MT binding site could be compatible with partner binding to the F3 lobe (mode ①). Note also that the orientation of the FERM domain upon recruitment by membrane-bound partners could restrict the availability of the surface that binds to MTs, and that these restrictions would be quite different in DdMyo7 compared with Myo10, which have their MT binding sites defined on opposite surfaces. Without strict orientation of the domain by the supramodule or restriction in lobe dynamics via the cloverleaf, such cooperation between binding sites would be lost. Interestingly, MF myosin tail evolution has kept these general features among Table S5 ). The four modes of binding to the FERM domain previously identified are indicated by ① through ④. Several partners have been shown to bind the C-terminal F3 lobe, most of them by extending the beta sheet near the S5 strand (mode ①). The interface between the three lobes (binding mode ④) is exploited by some partners, such as Cen1 and Heg1. The dashed line represents the rest of the CEN structure that is not modeled in the X-ray structure. (C) Note that the DdMF1 F3 structure is not compatible with the binding in mode ① due to a deformation of the S5 strand. (D) The extended cleft buried in between the three FERM lobes is drastically shortened at the interface between the F2-F3 lobes in Myo10 due to the specific F2-H2.H3 insertion (red). Note that steric hindrance would occur between this insertion and a peptide bound in the cleft, thus peptide binding in the cleft would require following a different path (black arrow).
classes without strict conservation of the sequences involved, allowing not only the conservation of the general dynamic properties of the MF supramodule but also its adaptation to increase emergence of new functions. This indeed illustrates how, upon gene duplication and evolution, distinct MF classes can acquire new functionalities. The restriction in the dynamics of the supramodule along with the variability on the surface of the MF domain can lead to drastic change in the location of the surface involved in a functionality, and this can lead to new combinations/restrictions for simultaneous partner binding and thus new cellular roles for these myosins.
Conclusion
The myosin MF domain has maintained a high degree of structural similarity over the 600 million years of independent evolution between Metazoa and Amoebozoa. Structural analysis reveals that for both human and Dicty myosin MF domains the MyTH4 and FERM domains form a supramodule and their FERM subdomains are organized in a cloverleaf configuration. Class-specific sequence variations allow for both changes in the accessible surface and modification of the dynamics between different subdomains that, in concert, determine the specificity for binding partners. Contrary to what one might have expected, the results presented here highlight how conservation of function may not require a strict conservation of a sequence motif involved in protein recognition. Interactions of similar nature between the myosin MyTH4 domains and the MT can be established with different surfaces of the same domain in evolutionarily distant MF myosins. In the case of MyTH4 binding to MTs, keeping a generally basic surface with some hydrophobic residues that can interact with the acidic C-terminal tail as well as with the surface of the MT is an important general feature. This corresponds to a mechanism of gain/loss of function via sequence motifs on different surfaces that have conserved features/properties. Furthermore, conserved residues that are part of a motif that can be (F2-H1 helix) . The three major surfaces participating in the maintenance of the trilobe structure are shown in detail: The F1-F3 surface (①) is mainly maintained by hydrophobic interactions between the F1-S3.S4 loop, the F1-S4 strand and hydrophobic residues present in the F3-H1 surface; the F2-F3 surface (②) is formed by the F2-H1.H2 loop, the F2-F3 linker, and the F3-S2.S3 and F3-S3-S4 loops; and the F1-F2 interface (③) includes the F1-S1.S2 and F1-H1.S3 loops of the F1 lobe and the highly variable F1.F2 linker between these two lobes as well as the first helix (F2-H1) of the F2 lobe. (B) The DdMF2 structure is shown in purple, with the elements participating on the maintenance of the FERM structure highlighted using the same color code as in A. The F1 lobe is kept in the same position as in A, but note that the F2 and F3 lobes are displaced (black arrows, part of the DdMF1 lobes are shown in orange as a reference). The F1-F2 linker (cyan) is bigger in DdMF2, forcing the F2 lobe to rotate by ∼30°(black arrows), and this also changes the position of the F3 lobe. (C) Structure of the Talin FERM domain (35) . Note how talin adopts an extended conformation, rather than the canonical trilobe FERM structure. The F1 lobe is represented in the same orientation as in A and B, but the F2 lobe position differ (black arrow). Note the difference in the F1.F2 linker (blue) that interacts with the F2 lobe. The position of a large (31 residues) and flexible F1-S3.S4 linker (see Fig. S5 ) not modeled in the crystal structure is indicated with a black star (the beginning and the end of the linker is indicated with a green and an orange dot, respectively). (D) Conformational dynamics of the FERM domain from molecular dynamics simulations. The plot shows the rmsd from the crystal structure of the backbone atoms of FERM lobes F1, F2, and F3 for DdMF1 (orange), DdMF2 (light blue), and talin (pink). The rmsd time series show that the cloverleaf organization of the myosin FERM is stable, whereas the talin FERM domain undergoes significantly higher fluctuations.
identified in a sequence alignment may, in fact, not be able to play their role in the context of different MyTH4 domains due to inserted sequences that result in major surface remodeling (Fig. 2  and Fig. S2A ). The high degree of conservation of this activity throughout evolution suggests that it is an important feature of MyTH4 proteins in general and, in particular, MF myosin functions. Much remains to be discovered about the different modes of interaction between MyTH4-MTs and the functional importance of this interaction that potentially cross-links and allows force production between the two main cytoskeleton tracks in eukaryotic cells.
One of the most intriguing aspects of MF domains is the high degree of conservation of the supramodule and the cloverleaf configuration that controls the rotational freedom of the MyTH4 and the three lobes of the FERM domain. The MyTH4 and FERM domains can exist stably apart from each other, suggesting that the supramodule does not simply have a structural role but rather a functional role in restraining the movement between the subdomains. The control and tuning of the dynamics of the MF supramodule ensures efficient cooperative or exclusive binding of partners on different sites of this supramodule. This likely determines the assembly of an MF-partner complex that together defines a particular role for this group of multifunctional motors. Structural studies of myosin MF domains in combination with functional data are needed to uncover the principles encoded in a sequence that allow a particular myosin to play similar roles in different organisms.
The multifunctional myosin tails are particularly interesting because they interact with different partners as well as having critical roles in regulating myosin activity. MF domains bind to the cytoplasmic tails of signaling receptors and adhesion receptors and interact with adapter proteins (18, 20, 21, 34) and contribute to autoinhibition (26) . Maintaining the motor in an off-state is crucial for all myosins, preventing the needless hydrolysis of ATP and keeping a pool of the motor protein readily available for cargo binding. Activation occurs by binding of specific partners that may be localized or made available in response to cellular signals. The MF myosin tails exemplify these features of myosin function. Interactions with new partners that could change myosin function undoubtedly arose through the evolution of the MF domain. In contrast, other features have been maintained because they provide a core function for an entire group of myosins, as is exemplified by the maintenance of the highly conserved autoinhibition loop in the F3 lobe of the FERM domain seen in the Myo7, Myo22, and amoeboid Myo7 MF2 domains. In the case of the MF myosins, one particular mechanism emerged early on and has been maintained throughout evolution.
Materials and Methods
Construct Design. Bacterial expression clones for WT and mutant C-terminally His-tagged DdMF1 (residues 1119-1620), DdMF2 (residues 1835-2357), the MyTH4-FERM cassette (residues 1501-2058), or MyTH4 domain alone (of human Myo10 gene, residues 1871-1906) were generated as described in SI Materials and Methods. The previously described pDTi225 plasmid (9) was used to express DdMF1 in Dictyostelium.
Protein Expression, Purification, and Crystallization. His-tagged proteins were purified using His-trap columns followed by gel filtration on a Sephadex 200-16/60 column. Crystals of the DdMF1 construct (9.3 mg/mL) were obtained by hanging drop vapor diffusion at 290 K in 18% (wt/vol) PEG 8000 and 0.1 M MES, pH 6.0. Crystals of the bacterially expressed DdMF1 mutant #2 were obtained in 10% (wt/vol) PEG 20K, 20% (wt/vol) PEG 550 MME, 0.1M Mops, pH 7.5, 0.1 M Hepes, pH 7.5, 20 mM DL-alanine, 20 mM DL-glutamic acid, 20 mM glycine, 20 mM DL-lysine HCl, and 20 mM DL-serine using a protein solution at 11 mg/mL. DdMF2 native crystals appeared using a 13 mg/mL protein mixed with 18% (wt/vol) PEG 1500 and 0.1 M MMT (DL-malic Acid, MES, and Tris, pH 8.0). The selenomethionine derivative crystals were obtained in 13% (wt/vol) PEG 1500 and 0.1 M MMT, pH 8.0, using a protein solution at the same concentration as for the native crystals. Finally, the DdMF2 mutant #1 crystallized by mixing a 13 mg/mL protein solution with 11.9% (wt/vol) PEG 3350 and 0.1M Bis-Tris propane pH 7.5). More detail in the protein separation, crystallization and structural determination can be found in SI Materials and Methods.
Equilibrium MT Cosedimentation Assays. Cosedimentation assays were performed as described (9) . Reaction mixes included either 2 μM MF protein or 2.5 μM of DdMyo7 MF1 domain with increasing concentrations of MTs in 20 mM Pipes, pH 6.9, 1 mM MgSO 4 , 1 mM EGTA, 40 μM taxol, and 1 mM GTP. Equal volumes of supernatant and pellet samples were subjected to SDS/ PAGE on either a 10% SDS/PAGE gel or an 8% Bis-Tris gel (Invitrogen) followed by staining with Coomassie Brilliant Blue G-250. The resulting gel was scanned and then quantified using the Analyze Gel module in Fiji (39) . The data were plotted as the fraction of MF or DdMyo7 MF1 domain that partitioned to the pellet as a function of increasing MT concentration using KaleidaGraph ( where MF·MT/MF 0 is the fraction of total micromolar MF that partitions to the MT pellet, MF 0 is the total micromolar MF, MT 0 is the total tubulin polymer in the assay, and K d is the apparent dissociation constant. The normalization factor a takes into account the fraction of MF 0 that partitions to the MT at saturation binding and therefore represents the fraction of the population that is competent to bind MTs. The low fractional binding for DdMF1 (Fig. 3B ) is hypothesized to be due to a slow equilibrium of DdMF1 in solution that generates a population that is competent to bind MTs relatively tightly and a population whose conformation cannot. The observation that there is not a significant amount of DdMF1 that partitions to the pellet in the absence of MTs, as would be expected for degraded protein, supports this interpretation.
Structure and Sequence Analysis. The sequence alignment of the MyTH4 and FERM domains were carried out using the MUSCLE multiple sequence alignment program (40) or online using PROMALS 3D (41) with the human Myo10 MF (PDB ID code 3AU5) and Myo7A MF-SH3 (PDB ID code 3PVL) domains as input structures. All MF myosin sequences used in the alignment are available from CyMoBase (www.cymobase.org/cymobase) (5). Representative sequences from the Amoebozoa, SAR, and Opisthokont (from Fungi to Metazoa) branches of the evolutionary tree were used for the alignments. All structural figures were prepared by PyMOL (www.pymol.org/). Methods for the molecular dynamics simulations can be found in SI Materials and Methods.
